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Solving environmental problems associated with nitrate (NO3
j)

requires a better understanding of how NO3
j moves through the soil

profile. Transient unsaturated horizontal column experiments were
conducted to assess processes affecting soil NO3

j transport. Duplicate
tests were conducted on four soils having different physicochemical and
mineralogical properties. In each test, a 200 mg/L NO3

j-nitrogen
(NO3

j-N) solution was applied at the inlet of the relatively dry soil
columns, and the value of sorptivity kept constant at 0.0073 cm/sec0.5.
Comparison of corresponding soil water content and soil solution
NO3

j-N concentration profiles from the column tests clearly indicated
anion exclusion to be an important process impacting NO3

j mobility
under unsaturated flow conditions. Evidence of anion exclusion for all
four soils included soil solution NO3

j-N concentrations near the inlet
that were 13% to 21% less than the concentration (200 mg/L NO3

j-N)
injected at the inlet. Further evidence of anion exclusion included peak
soil solution NO3

j-N concentrations up to twice the injected concen-
tration near the wetting front for three of the four soils. The fourth soil,
possibly because of a combination of dispersion processes, low pH, and
the mixture of clay minerals present, behaved somewhat differently than
the other soils by having a peak soil solution NO3

j-N concentration
above 200 mg/L located approximately halfway between the column
inlet and wetting front. Overall, this research indicated that anion
exclusion can be a key process affecting NO3

j mobility in a variety of
soil environments. (Soil Science 2007;172:27–41)

Key words: Nitrate mobility, unsaturated flow, soil properties, anion
exclusion, anion adsorption.

NITRATE (NO3
j) is the most widespread

contaminant found in ground water
(Freeze and Cherry, 1979). In particular, inor-
ganic/organic fertilizer applications on farm
fields are commonly responsible for NO3

j

contamination in shallow aquifers (Nolan and
Stoner, 2000). Investigations conducted by the
US Geological Survey have found that 20% of
the shallow wells sampled in agricultural areas

exceeded the US Environmental Protection
Agency drinking water standard of 10 mg/L
NO3

j-N (US Geological Survey, 2001). Nitro-
gen discharged by the Mississippi River has
resulted in the spring/summer formation of a
hypoxic zone near the US coast in the Gulf of
Mexico (Goolsby and Battaglin, 2000), where
oxygen concentrations of less than 2 mg/L cause
stress or death in bottom-dwelling organisms.
Midwest agriculture is a large source of the
nitrogen (N) producing the Gulf of Mexico
hypoxic zone, because the Midwest contains the
greatest amount of subsurface drainage infra-
structure of any region in the United States (US
Department of Agriculture, Economic Research
Service, 1987). Nitrate-nitrogen from fertilizer
applied to Midwest farm fields is discharged into
local waterways via these subsurface drainage
systems at concentrations often approaching
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50 mg/L (Zucker and Brown, 1998). For most
of the NO3

j involved with aquifer contami-
nation and hypoxic zone environmental prob-
lems, initial transport is through the soil profile.
Solving these environmental problems will
require, at least partly, a better understanding
of the processes affecting soil profile NO3

j

mobility under unsaturated flow conditions.
Nitrate mobility in the soil environment is

governed largely by electrostatic interactions
between negatively charged NO3

j ions and
either soil minerals or soil organic matter. Elec-
trostatic adsorption, or anion adsorption, occurs
when NO3

j ions become attached to positively
charged exchange sites on a soil surface. A sig-
nificant percentage of exchange sites on soil
mineral and organic matter are pH dependent.
Under low pH conditions, positively charged
hydrogen ions (H+) become attached to certain
exchange site functional groups, thereby causing
these exchange sites to become positively
charged (Bohn et al., 1985; Foth, 1984).

Kaolinite, a layered aluminosilicate mineral,
allophane, an amorphous aluminosilicate min-
eral, and various iron/aluminum oxides/hydrox-
ides are all examples of minerals that may develop
a net positive surface charge given a sufficiently
low pH environment (Gustafsson, 2001; Sposito,
1984). The point of zero charge (PZC) is the pH
value of a soil solution when the total net charge
on a mineral particle vanishes. The PZC for
kaolinite is 4.6 (Sparks, 2003), proto-imogolite
allophane has a PZC of 6 to 7 (Gustafsson, 2001),
and the PZC for the iron hydroxide, goethite, is
6.1 T 0.6 (Sposito, 1984). Illite and chlorite, two
other common layered aliminosilicate minerals
found in soil, have a moderate to substantial
percentage of ion exchange sites that are pH
dependent and therefore probably have PZC
values similar to that of kaolinite. Consequently,
NO3

j mobility can potentially be reduced,
through anion adsorption, in soils that have lower
pH values and substantial amounts of kaolinite,
illite, chlorite, allophane, and/or iron/aluminum
oxides/hydroxides. For this NO3

j adsorption
scenario to take place, there needs to be
enough minerals with pH variable charge
present to either completely dominate the clay-
size fraction or at least coat a large percentage
of soil surfaces. Anion adsorption of NO3

j has
been documented for kaolinite-rich ultisols in
the southeast United States (Eick et al., 1999;
Toner et al., 1989), andisols containing large
amounts of allophane (Katou et al., 1996; Ryan
et al., 2001), and oxisols with iron/aluminum

oxide/hydroxides from the tropics (Wong et al.,
1990).

Electrostatic repulsion, or anion exclusion,
occurs with NO3

j when ion exchange sites on
soil mineral or organic matter surfaces are
negatively charged. If anion exclusion processes
dominate, NO3

j is repelled and does not come
into contact with soil mineral and organic
matter surfaces, and as a result, moves freely
through the soil profile. Although pH depend-
ent, the net charge on soil organic matter is
always negative (Bohn et al., 1985). Dissociation
of H+ from carboxyl and phenol functional
groups increases from low to high pH, causing a
corresponding increase in the net negative
charge of soil organic matter. Nearly all ion
exchange sites on the layered aluminosilicate
minerals, smectite and vermiculite, are consid-
ered permanent (not pH dependent) and neg-
atively charged (Bohn et al., 1985). The PZC
value for smectite (montmorillonite) is 2.5
(Sparks, 2003), and vermiculite probably has a
PZC value that is similar. Therefore, not taking
into account chemical and biological transfor-
mations, NO3

j is expected to move freely in
soil environments with moderately low to high
pH and significant amounts of organic matter,
smectite, and/or vermiculite.

For most soils of the northern temperate
zone, particle surfaces will have a negative
charge resulting in anion exclusion as the
dominant electrostatic interaction affecting
NO3

j mobility. The range of cation exchange
capacities (CEC) for kaolinite, illite, chlorite,
vermiculite, and smectite are 1 to 15, 10 to 40, 20
to 40, 100 to 150, and 70 to 120 meq/100 g,
respectively (Bohn et al., 1985; McBride, 1994).
These CEC values show that for a given amount
of material, the number of negatively charged
ion exchange sites on vermiculite and smectite
far outnumber the exchange sites for kaolinite,
illite, and chlorite, implying that anion exclusion
will be enhanced with increasing quantities of
vermiculite and smectite. Quartz and other sand
or silt-sized soil minerals have very low CEC
values and will have minimal electrostatic inter-
action with NO3

j.
Steady-state saturated and unsaturated soil

column leaching experiments have been used to
assess the anion exclusion effect by measuring
the percentage of pore water unavailable for
chloride (Clj) transport (Appelt et al., 1975;
James and Rubin, 1986; Thomas and Swaboda,
1970). These studies indicate that the percentage
of pore water excluded decreases with increased
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Clj concentration (Thomas and Swaboda,
1970) and becomes greater with larger soil
CEC (Appelt et al., 1975). James and Rubin
(1986) demonstrated that the percentage of pore
water excluded increased as the overall water
content was reduced, which resulted from the
actual exclusion volume remaining constant.
Furthermore, steady-state saturated column test-
ing by Skulka and Cepuder (2000) showed the
anion exclusion volume for Clj to decrease as
pore water velocity increased. Smith and Davis
(1974) conducted steady-state unsaturated col-
umn tests on eight soils and found the percent-
age of excluded water ranged from 5% to 39%
and was independent of whether the anion was
bromide (Brj) or NO3

j. Melamed et al. (1994)
demonstrated enhanced anion exclusion of Brj

with reduction in PZC of an oxisol.
Bond and Phillips (1990) and Bond et al.

(1982) quantified the anion exclusion effect on
Clj transport using constant-flux transient
unsaturated horizontal column experiments car-
ried out on a clayey soil having a moderate
initial volumetric water content of 0.16 to 0.18.
Phillips et al. (1988) conducted two transient
unsaturated vertical column tests in dry soil,
which showed that anion exclusion processes
produced peak Clj concentrations coinciding
with the wetting front. Research at a larger scale
with 6-m-long vertical soil columns and at field
test plots confirm anion exclusion to impact
the mobility of Clj, Brj, and even sulfate
(Gvirtzman et al., 1986; Hills et al., 1991; Porro
and Wierenga, 1993; Porro et al., 1993).

Figure 1 depicts a pore-scale conceptualiza-
tion of anion adsorption and anion exclusion
processes under unsaturated flow conditions.
The pore water velocity has a parabolic distri-
bution based on the Hagen-Poiseuille law for
laminar flow. From the side toward the center
of the pore, the water velocity increases from
zero at the soil/water interface and reaches a
maximum value at the air/water interface. Based
on electrostatic double layer theory (Hillel,

1980), anion adsorption processes will result in
NO3

j becoming attached at or concentrated
near the soil/water interface, whereas anion
exclusion processes will involve NO3

j being
repelled from the soil/water interface. Conse-
quently, when anion adsorption processes dom-
inate, NO3

j travels with the slower pore water,
and when anion exclusion processes dominate,
NO3

j moves with the faster pore water.
Overall, most research on anion mobility in

soils has focused on the tracers Clj and Brj.
With regard to NO3

j, it appears there has been
more investigation of NO3

j anion adsorption
within very specific soil environments and much
less directly devoted to understanding NO3

j

anion exclusion. Because of the limited amount
of soil NO3

j transport research focused on
quantifying electrostatic interactions, along with
growing concerns over environmental problems
such as aquifer contamination in agricultural
areas and the Gulf of Mexico hypoxic zone,
there is a strong need for understanding of
NO3

j mobility under unsaturated flow con-
ditions in a variety of soil environments.
Furthermore, computer models used to simulate
Nmovement and transformations (Davidsonet al.,
1978; Hanson et al., 1999; Ma et al., 1999;
Selim and Iskandar, 1981) in the soil profile
could potentially be improved by incorporating
NO3

j adsorption and exclusion processes, once
there is a better understanding of these pro-
cesses’ impact in unsaturated soils. To address
this research need, transient unsaturated hori-
zontal column experiments were conducted to
assess anion transport processes affecting NO3

j

mobility in soil. The four soils chosen for test-
ing, two from Oklahoma and two from Ohio,
had widely different physicochemical and min-
eralogical properties. The two Oklahoma soils
are representative of the Great Plains region
where NO3

j contamination of shallow ground
water is a major concern. The two Ohio soils
are representative of the Midwest where soil
drainage practices contribute to the Gulf of

Fig. 1. Pore-scale conceptualization of anion adsorption and anion exclusion processes under unsaturated flow
conditions.
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Mexico hypoxic zone problem. The governing
hypothesis for this research project can be stated
as follows: for the Ohio and Oklahoma soils
tested, which are representative of many soils
common to the northern temperate zone, anion
exclusion will be a key process affecting NO3

j

mobility under unsaturated flow conditions.

MATERIALS AND METHODS

Soils

The four soils used in this study were
collected at a depth of 5 to 20 cm. Two soils
were obtained near Perkins, OK, one from the
Slaughterville series (course-loamy, mixed,
superactive, thermic udic haplustolls) and one
from the Teller series (fine-loamy, mixed,
active, thermic udic argiustolls). Geographically,
soils of the Teller and Slaughterville series are
found in the Central Rolling Red Prairies
within the Great Plains region of the United
States. The two other soils tested came from
Ohio. Soil from the Hoytville series (fine, illitic,
mesic mollic epiaqualfs) was collected near Van
Wert, OH, and soil from the Paulding series
(very-fine, illitic, nonacid, mesic typic epia-
quepts) was collected near Defiance, OH. Soils
of the Hoytville and Paulding series were
formed from sediments associated with glacial
lakes of the Wisconsinan age.

Physicochemical properties of the four soils
are provided in Table 1. Values for pH were
determined from the soil solution of a saturated
paste (US Department of Agriculture, 1954).

The Walkley-Black method was used to measure
organic matter content (Nelson and Sommers,
1982). Cation exchange capacity values were
obtained by first saturating the exchange sites
with sodium cations, followed by extraction of
the sodium with a solution of ammonium
acetate (Rhoades, 1982). Wray (1986) describes
methods used to determine the soil particle size
distribution. Based on classification of the
particle size distribution, the Slaughterville soil
is a sandy loam, the Teller soil is a loam, the
Hoytville soil is a silty clay, and the Paulding
soil is a silty clay. Table 1 shows that the
Oklahoma soils had higher pH, lower organic
matter (OM), smaller CEC, greater amounts of
sand, and less clay than the soils from Ohio. In
particular, the Slaughterville and Paulding soils,
when compared with one another, exhibited
the greatest differences in physicochemical
properties.

The mineral composition for the clay-sized
fraction of the four soils is given in Table 2. For
this mineralogical analysis, the soil samples were
first air dried and ground to pass a 2-mm sieve.
Clay (G2 6m) fractions were obtained using
standard sieve and gravity sedimentation techni-
ques ( Jackson, 1975; Rutledge et al., 1967).
Subsamples were saturated with magnesium
(Mg2+) and potassium (K+) and oriented aggre-
gates were prepared using the filter transfer
technique of Moore and Reynolds (1997). The
Mg2+- and K+-saturated aggregates were then
analyzed by x-ray diffraction as described by
Ransom et al. (1988).

TABLE 1

Soil physicochemical properties

Soil pH OM. (%) CEC- (meq/100 g) Sand (%) Silt (%) Clay (%)

Slaughterville 7.19 0.14 5.16 75.8 15.2 9.0

Teller 6.10 2.03 15.92 35.3 41.1 23.6

Hoytville 5.84 3.17 24.40 13.0 42.8 44.2

Paulding 4.93 2.95 27.20 4.5 43.1 52.4

.OM = organic matter.
-CEC = cation exchange capacity.

TABLE 2

Soil mineralogy (particle size G2 6m).

Soil Illite (%) Kaolinite (%) Chlorite (%) Vermiculite (%) Smectite (%) Quartz (%) FeO- (%)

Slaughterville 30 15 ı0 20 25 G5 ı5

Teller 35 25 ı0 10 20 5 ı5

Hoytville 40 10 10 15 15 5 ı5

Paulding 45 15 20 10 ı0 5 ı5

.Mineralogy estimated from x-ray diffraction peaks. All samples had trace feldspar present.
-FeO = iron oxide or iron hydroxide-goethite in Slaughterville, Teller, and Hoytville soils and lepidocrocite in Paulding soil.
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For the clay-size fraction, Table 2 shows the
highest smectite percentages in the Oklahoma
soils, whereas and illite and chlorite percentages
were highest in the Ohio soils. The Oklahoma
soils, in fact, had no measurable chlorite. The
Paulding soil differed significantly from the
others by having no smectite, the greatest
amount of chlorite (20% of clay-sized fraction),
and, in regard to iron oxides/hydroxides, lep-
idocrocite instead of goethite.

Laboratory Testing of Nitrate Transport

Nitrate mobility under unsaturated flow
conditions was assessed using transient unsatu-
rated horizontal column experiments. Transient
unsaturated horizontal flow in a soil column can
be described by the relationship:

flK

flt
¼ fl

flx
ðD Kð ÞflK

flx
Þ ð1Þ

where t is time (T ) from test initiation, x is
distance (L) from the column inlet, K is
volumetric water content (dimensionless), and
D(K) is the soil water diffusivity (L2/T ), itself a
function of K. Soil water diffusivity can in turn
be expressed:

D Kð Þ ¼ K Kð Þ flB
flK

ð2Þ

where B is pore water pressure potential (L),
and K(K) is unsaturated hydraulic conductivity
(L/T ), which is dependent on K. Bruce and
Klute (1956) showed that by using the Boltz-
mann transform, 4 ¼ x=

ffiffi
t

p
, having dimensions

L/T 0.5, Eq. (1) can be reduced to an ordinary
differential equation of the form:

j
4

2

dK

d4
¼ d

d4
ðD Kð Þ dK

d4
Þ ð3Þ

Using the following boundary conditions,

K ¼ Ki; for 4 Y V ðxYV or t ¼ 0Þ; and ð4Þ

K ¼ K0; for 4 ¼ 0 ðx ¼ 0 and t 9 0Þ ð5Þ

the diffusivity versus water content relationship can
be determined from transient unsaturated horizon-
tal column experiments. The boundary condition
given by Eq. (4) simply indicates that the volu-
metric water content beyond the wetting front is
the same as the initial volumetric water content, Ki,
of the soil column. The second boundary con-
dition, Eq. (5), states that the volumetric water
content at the inlet of the soil column, K0, is kept
constant throughout the test. Given these two
hydraulic boundary conditions, Eq. (3) can be in-
tegrated with respect to 4 and soil water diffusivity

calculated over a range of water content values
using soil column moisture profile data. This soil
water diffusivity relationship is expressed as

D Kið Þ ¼ j
1

2
ðd4
dK
Þ

KiX
K

Ki

i

4dK ð6Þ

where Ki is an arbitrary water content between
Ki and K0, and the term (>d4

dK
)Ki represents the

derivative of 4 with respect to K at K = Ki (Bruce and

Klute, 1956).

A computer-controlled syringe pump appa-
ratus described by Brown and Allred (1992)
and shown in Figure 2 was used to inject a
200-mg/L NO3

j-N solution (1.44 g KNO3/L)
into the inlet of dry soil columns. Using a
computer-controlled syringe pump allowed the
volumetric water content at the column inlet
to be maintained at a constant value [Eq. (5)]
throughout the time duration of the test. The
boundary condition of Eq. (5) was accomplished
by regulating the instantaneous injected flow at
a rate inversely proportional to the square root
of elapsed time. The specific equation for the
instantaneous injected flow rate, Q (L3/T), is:

Q ¼ 1

2
AStj

1
2 ð7Þ

where A is the cross-sectional area of the soil
column (L2), S is the sorptivity (L/T 0.5), and t is
again the time (T) since the experiment began.
Sorptivity can be expressed in the following forms:

S ¼ X
K0

Ki

4dK ¼ V

A
t

j1
2

T ð8Þ

where V is the total volume (L3) of the of the
solution injected at the inlet of the soil column,
and tT is the total test duration time (Brown
and Allred, 1992). Substituting the last term in
Eq. (8) into Eq. (7) yields:

Q ¼ 1

2
ðVtj

1
2

T Þtj1
2 ð9Þ

showing that the proportionality constant
between Q and tj

1
2 in the injection rate

relationship is simply a function of the chosen
injection volume and test duration that are both
input into the computer controlling the syringe
pump. Consequently, for consistency between
experiments, the same S of 0.0073 cm/sec0.5

and A of 9.35 cm2 was used in each column
experiment, thereby giving a consistent instan-
taneous injection rate of

Q ¼ 0:034tj
1
2 cm3=sec
� �

ð10Þ

VOL. 172 ~ NO. 1 NITRATE MOBILITY IN UNSATURATED SOIL 31

Copyr ight © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



At this point, it is important to note that the
actual value of the inlet volumetric water
content maintained during a test depends not
only on the programmed injection rate function
but also soil hydraulic properties.

The column itself was comprised of indi-
vidual acrylic rings (Fig. 2) and packed with one
of the four soils previously described. The indi-
vidual rings had an inside diameter of 3.45 cm
and were 1 cm in length. Total column length
ranged from 12 to 20 cm. Before being packed
into the column, each of the four soils were
washed with a 2 M calcium chloride solution to
saturate cation exchange sites with calcium ions
and to displace any adsorbed NO3

j. This initial
wash was followed by six additional washes with
distilled water to remove excess salts and any

NO3
j originally in the soil. After the complete

washing cycle, each soil was placed in an oven
and dried at 50 -C and then ground to pass a 2-
mm sieve. The columns, after being packed
with soil 1 cm at a time, were sealed at the ends
with duct tape and along their length with self-
fusing rubber splicing tape to prevent evapo-
rative losses during testing.

Each test, as indicated previously, was pro-
grammed for a set time duration and 200 mg/L of
NO3

j-N solution (1.44 g KNO3/L) injection
volume. Two tests were conducted for each of
the four soils to determine if results could be
replicated. The two tests for a particular soil had
different time durations and solution injection
volumes, but as already discussed, the same
sorptivity, injection rate function, and hence,

Fig. 2. (A) Schematic of computer-controlled syringe pump apparatus, (B) photo of computer-controlled syringe
pump apparatus, (C) close-up photo of syringe pump and horizontal soil column with controller in background,
and (D) close-up of syringes inserted into column inlet.

TABLE 3

Test parameters

Soil-test number
Column length

(cm)

Time

duration (h)

Solution injection

volume (mL)

Packed dry bulk density

(g/mL)
Ki

Slaughterville-1 12 12.0 14.14 1.695 0.0027

Slaughterville-2 20 24.0 20.00 1.688 0.0019

Teller-1 12 12.0 14.14 1.586 0.0029

Teller-2 20 24.0 20.00 1.585 0.0022

Hoytville-1 17 24.0 20.00 1.509 0.0364

Hoytville-2 15 48.0 28.28 1.512 0.0366

Paulding-1 15 24.0 20.00 1.496 0.0487

Paulding-2 15 40.5 26.30 1.494 0.0463
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inlet water content, K0. Table 3 provides
information on column length, time duration,
injection volume, dry bulk density, and initial
water content, Ki, for all eight tests carried out in
this investigation. Table 3 indicates that both
tests for a given soil had essentially the same
column packing density and Ki [boundary con-
dition of Eq. (4)]. The Hoytville and Paulding
soils, although still relatively dry, had Ki values
substantially greater than the Slaughterville and
Teller soils, which were extremely dry. The uni-
form dry bulk packing densities of the Hoytville
and Paulding soil columns were marginally less
than the dry bulk packing densities of the
Slaughterville and Teller soil columns.

Upon test completion, the soil from within
each ring was divided into two parts, one for
analysis of volumetric water content and the
other for determination of NO3

j-N concen-
tration in the soil solution. Volumetric water
content values were calculated based on the
weight of the column soil samples before and
after oven drying for 24 h at 105 -C. The mean
of the injected water accounted for by oven
drying, for all eight tests, was 97.5%, with a
standard deviation of 0.9%. Soil samples for
determining soil solution NO3

j-N concentra-
tion were placed in 50-mL centrifuge tubes and
45 mL of 1 M KCl solution then added to
disperse soil particles and desorb NO3

j. These
centrifuge tubes containing soil and solution
were next placed on a shaker at 300 rpm for 1 h
to obtain thorough mixing. After being shaken,

each mixture of soil and solution was centri-
fuged at 800g (2500 rpm) for 1 h. After the
centrifuge step, soil and solution were refriger-
ated. The final step involved filtering, and then
analyzing the centrifuged solutions for NO3

j-N
with a Lachat Instruments QuikChem 8000
Flow Injection Analysis System (Milwaukee,
WI) using a modified version of the cadmium
reduction column method (US Environmental
Protection Agency, 1979). For all eight experi-
ments, an average value of 102.5% of the in-
jectedNO3

j-N was accounted for by laboratory
analysis, with a standard deviation of 2.2%.

Data Analysis

Volumetric water content and soil solu-
tion NO3

j-N concentration values from each
experiment were plotted with respect to the
Boltzmann transform (distance from the column
inlet divided by the square root of the test
duration time). Calculation of soil water dif-
fusivity values [Eq. (6)] and, most importantly,
assessment of NO3

j adsorption or exclusion
processes was based on data from the column
profiles for volumetric water content and soil
solution NO3

j-N concentration. Hypothetical
volumetric water content and soil solution
NO3

j-N profiles plotted versus the Boltzmann
transform are shown in Figure 3. These hypo-
thetical transient unsaturated horizontal column
profiles are representative of soil materials that
are initially dry and have no NO3

j present.
From research previously discussed, there are

Fig. 3. Ideal transient unsaturated horizontal column water content and soil solution NO3
j-N concentration

profiles for an initially dry soil.
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Fig. 4. Experimental data profiles: (A) Slaughterville water content, (B) Slaughterville NO3
j-N concentration, (C)

Teller water content, (D) Teller NO3
j-N concentration, (E) Hoytville water content, (F) Hoytville NO3

j-N
concentration, (G) Paulding water content, and (H) Paulding NO3

j-N concentration. Dashed vertical lines labeled
DF represent the position of the theoretical displacement front between injected water and displaced initial water.
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three hypothetical NO3
j-N concentration pro-

files, one based on no electrostatic interactions,
one due to anion adsorption, and one the result of
anion exclusion (Fig. 3). Given no electrostatic
interactions between NO3

j and soil surfaces,
the NO3

j-N soil solution concentration profile
will have a constant value from the column inlet
to the wetting front, and this concentration will
equal that of the original injected solution.

The dominance of anion adsorption pro-
cesses results in a NO3

j-N concentration profile
having its greatest value at the column inlet
and with distance from the inlet, tailing off to
zero at the wetting front (Fig. 3). Alternatively,
if the positively charged exchange sites near the
inlet become saturated with NO3

j, then the
NO3

j-N concentration profile will maintain a
constant value for some distance from the
column inlet before dropping to zero at the
wetting front. In either of the anion adsorption
scenarios, the highest NO3

j-N values reported
with respect to the soil solution are adjacent to
the inlet and greater in magnitude than the
NO3

j-N concentration of the original injected
solution. When anion exclusion is the dominant
electrostatic interaction, NO3

j is repelled from
soil surfaces and moves with the fastest pore
water, thereby causing an NO3

j-N concen-
tration peak to occur at the wetting front and
the lowest NO3

j-N values to be located near
the inlet. The magnitude of the wetting front
NO3

j-N concentration peak produced by
anion exclusion will be significantly greater than
the NO3

j-N concentration of the original
injected solution, whereas at the column inlet,
soil solution NO3

j-N values will be less than
the NO3

j-N concentration of the original
injected solution.

A simple method for numerically determin-
ing whether anion adsorption or anion exclu-
sion processes dominate NO3

j transport in
unsaturated soil columns involves comparing
XC (Boltzmann transform value at the centroid
of an column test NO3

j-N concentration
profile) to XC-NEI (Boltzmann transform value
at the centroid for a theoretical NO3

j-N
concentration profile based on no electrostatic
interactions). The calculation for XC-NEI

assumes the same wetting front (or displacement
front) penetration as was obtained with the
actual experiment. If XC G XC-NEI, then anion
adsorption is indicated, and if XC 9 XC-NEI,
then anion exclusion is implied.

The magnitude of the anion exclusion effect
in a transient unsaturated horizontal column

experiment can be quantified several ways.
Anion exclusion, as stated before, involves
NO3

j being repelled from soil surfaces and
moving with the faster pore water velocities, in
turn causing the NO3

j-N concentration near
the column inlet, C0, to be less than the
NO3

j-N concentration of the original injected
solution, Corig. Therefore, one measure of the
magnitude of the anion exclusion effect is the
ratio, C0/Corig. The ratio, C0/Corig, can then be
used to calculate the effective excluded pore
water volume at the inlet, Kex, that is unavail-
able to NO3

j. The value of Kex is calculated by
(Fetter, 1993):

Kex ¼ K0 ð1jð C0

Corig
ÞÞ ð11Þ

where K0, as previously defined, is the volu-
metric water content at the column inlet. The
proportion of inlet water content that is
excluded becomes simply Kex/K0. Because anion
exclusion results in C0 G Corig, then given
sufficiently dry initial soil conditions, mass
balance considerations alone indicate that there
will be some soil solution NO3

j-N concen-
trations greater than Corig. Therefore, the ratio
of the maximum soil solution NO3

j-N concen-
tration to Corig, or Cmax/Corig, is another valid
measure of the magnitude of the anion exclu-
sion effect. (Note: If XC G XC-NEI, then Cmax/
Corig becomes a valid measure of the magnitude
of anion adsorption.) As defined by these
quantities, the larger the apparent NO3

j anion
exclusion effect, the smaller the value of C0/
Corig, the greater the value of Kex, the larger the
value of Kex/K0, and the greater the value of
Cmax/Corig.

RESULTS AND DISCUSSION

Profiles of the transient unsaturated hori-
zontal column experimental data are provided in
Figure 4. Again, water content and NO3

j-N
concentration values are plotted with respect to
the Boltzmann transform (distance from the
column inlet divided by the square root of the
test duration time). For each soil, different
symbols are used to distinguish data of the first
test from data of the second test. The two
column experiments for each soil, as previously
discussed, had the same hydraulic boundary
conditions but different time durations and
NO3

j-N solution injection volumes. It is quite
apparent from Figure 4, given a particular soil,
that similarity exists between the two water
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content profiles, and similarity exists between
the two NO3

j-N concentration profiles. This
observed similarity has some very important
implications. First, the similarity exhibited is
clear evidence that the results are very repeat-
able. Second, with regard to soil volumetric
water content, similar profiles indicate that
water/soil interactions quickly achieved equili-
brium, a constant inlet water content boundary
condition [Eq. (5)] was maintained, and as a
consequence, Eq. (6) is applicable for calculating
soil water diffusivity. Finally, similarity of the
NO3

j-N concentration profiles implies that, for
a particular soil, chemical interactions involving
NO3

j were reversible with equilibrium con-
ditions rapidly reached.

Nitrate-nitrogen concentration profile sim-
ilarity additionally indicates that the NO3

j-N
inlet concentration remains constant throughout
the test. Consequently, the NO3

j-N concen-
tration (C) boundary conditions for the tests
conducted in this study can be expressed as
follows:

C ; 0; for 4 Y Vðx Y V or t ¼ 0Þ; and ð12Þ

C ¼ C0; for 4 ¼ 0 ðx ¼ 0 and t >0Þ ð13Þ

The boundary condition given by Eq. (12)
indicates that the initial NO3

j-N concentration
in soil column is essentially zero. The second
boundary condition, Eq. (13), states that the
NO3

j-N inlet concentration is kept constant
throughout the test.

The Hoytville and Paulding soils, although
relatively dry, had values of initial volumetric
water content, Ki, which were greater than
the extremely dry Slaughterville and Teller
soils (Table 3). Consequently, there was a small
but significant amount of initial water dis-
placed during experiments conducted with the
Hoytville and Paulding soils. The position of the
theoretical displacement front (Smiles and Philip,
1978) between the injected water and the
displaced initial water is indicated by the vertical
dashed lines labeled DF in Figures 4E–H. For
the Hoytville soil, this theoretical displacement
front, which discounting mixing, occurs at a
Boltzmann transform value of 0.0174 cm/sec0.5,
and for the Paulding, the displacement front is
found at a Boltzmann transform value of 0.0169
cm/sec0.5.

Data from both column tests for each soil
were used to construct a composite volumetric
water content profile and a composite soil
solution NO3

j-N concentration profile for

each soil. These composite profiles for all four
soils are displayed in Figure 5. The composite
soil volumetric water content profiles (Fig. 5A)
show that the wetting front penetrated furthest
in the Slaughterville soil, followed next by the
Teller soil, with the Hoytville and Paulding soils
being equal and having the least wetting front
penetration. This wetting penetration trend is
quantified by calculating, XW, the Boltzmann
transform value at the water content profile
centroid. As is the case for the wetting front
positions in Figure 5A, Table 4 shows that XW

is greatest by far for the Slaughterville soil
(0.0192 cm/sec0.5), and the Teller soil is next
in magnitude (0.0127 cm/sec0.5), with the
Hoytville and Paulding soils having the smallest
XW values of 0.0097 and 0.0100 cm/sec0.5,
respectively. The inlet water content values, K0,
were highest for the Paulding and Hoytville
soils, approximately 0.47 and 0.45, respectively
(Fig. 5A and Table 4). The Teller soil had a K0
of around 0.3, and the Slaughterville soil had the
lowest K0 of about 0.2 (Fig. 5A and Table 4).

The composite volumetric water content
profiles in Figure 5A were used with Eq. (6) to
determine the diffusivity versus volumetric
water content relationships for each soil. These
soil water diffusivity versus volumetric water
content relationships are depicted in Figure 6.
The range of soil water diffusivity values are 1 �
10j5 to 1 � 10j2 cm2/sec for the Slaughterville
soil, 8 � 10j6 to 2 � 10j3 cm2/sec for the
Teller soil, and 6 � 10j6 to 8 � 10j4 cm2/sec
for both Hoytville and Paulding soils. Figure 6
indicates, given a particular range of volumetric
water content, that diffusivities are highest with
the Slaughterville soil, with the Teller soil next,
and with the Hoytville and Paulding soils having
similar diffusivities that are substantially lower
than the other two soils. Wetting front penetra-
tion, inlet water content, and diffusivity values all
indicate that water is capable of moving faster
through the Oklahoma soils (Slaughterville and
Teller) than the Ohio soils (Hoytville and
Paulding), a result most likely due to the
Oklahoma soils having a much lower percentage
of clay-sized particles than theOhio soils (Table 1).
Water drains very quickly through the Slaughter-
ville soil, and fertilizer applied to this soil will have
the potential to cause NO3

j contamination in
underlying aquifers, especially if anion exclusion
strongly affects NO3

j transport.
The configuration of the Slaughterville,

Teller, and Hoytville soil solution NO3
j-N

concentration profiles (Fig. 5B) are very similar
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to that of the hypothetical anion exclusion
affected NO3

j-N concentration profile dis-
played in Figure 3. Specifically, the lowest
NO3

j-N concentrations for all three soils were
adjacent to the column inlet, and the highest
NO3

j-N concentrations for the Slaughterville
and Teller soils were found in a peaks positioned
at the wetting fronts (Fig. 5A), whereas the
highest NO3

j-N concentrations for the Hoyt-
ville soil were found in a peak positioned
between the theoretical displacement front and
the wetting front (see Figs. 4 and 5B). Addi-
tionally, XC 9 XXC-NEI for the Slaughterville,
Teller, and Hoytville soils (Table 4). Conse-
quently, there is little doubt that anion exclu-

sion is the dominant electrostatic interaction
impacting NO3

j mobility in these soils. This
result is not surprising, because as shown in
Tables 1 and 2 for the Slaughterville, Teller, and
Hoytville soils, pH conditions were fairly
neutral (ı6-7), and the clay-sized fractions
contained significant quantities of smectite and
vermiculite (30%–45%).

Regarding these three soils and the quantities
used to gauge the magnitude of the anion
exclusion effect (Table 4), the Slaughterville soil
has the greatest value of Cmax/Corig (2.33), the
Teller soil has the smallest value of C0/Corig

(0.79) and the largest value of Kex/K0 (0.214),
and the Hoytville soil has the greatest value of

Fig. 5. Composite experimental result profiles plotted versus the Boltzmann transform: (A) volumetric water
content and (B) soil solution NO3

j-N concentration.

TABLE 4

Water content and NO3
j concentration characteristics of the soil column tests.

Soil K0
- Kex

‘ Kex/K0 C0/Corig
P Cmax//Corig

‹ XW
#

(cm/sec0.5)

XC-NEI
..

(cm/sec0.5)

XC
--

(cm/sec0.5)

Slaughterville 0.198 0.026 0.131 0.87 2.33 0.0192 0.0210 0.0242

Teller 0.304 0.065 0.214 0.79 1.89 0.0127 0.0140 0.0162

Hoytville 0.453 0.072 0.159 0.84 1.30 0.0097 0.0087 0.0112

Paulding 0.470 0.061 0.130 0.87 1.06 0.0100 0.0085 0.0104

.Values determined from composite profiles for water content and NO3
j-N concentration.

-K0 = volumetric water content at inlet of soil columns during testing.
‘Kex = excluded volumetric water content at inlet of soil columns during testing.
PC0/Corig = ratio of soil solution NO3

j-N concentration at inlet to original injected NO3
j-N solution concentration (Corig =

200 mg/L NO3
j-N ).

‹Cmax/Corig = ratio of maximum soil solution NO3
j-N concentration to original injected NO3

jN solution concentration.
#XM = Boltzmann transform value at centroid of volumetric water content profile.
..XC-NEI = Boltzmann transform value at centroid of theoretical NO3

j-N concentration profile assuming no electrostatic

interactions (based on the wetting front position for the Slaughterville and Teller soils and based on the theoretical

displacement front position for the Hoytville and Paulding soils).
--XC = Boltzmann transform value at centroid of column test NO3

j-N concentration profile.
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Kex (0.072). Based solely on these quantities, it is
difficult to determine which of the three soils
had the largest anion exclusion impact on NO3

j

mobility.Consequently, usingEq. (11) as a starting
point, a somewhat different testing approach may
be required to better compareNO3

j anion exclu-
sion effects between various soils. This different
testing approach, instead of using a constant
injection rate function [such as Eq. (10)] for all
soils as was done in this study, would alternatively
adjust the injection rate function used for each
soil so that the inlet moisture content, K0, is
maintained at a constant value for all experi-
ments, regardless of the particular soil being
tested. With adoption of this approach, compar-
isons of inlet NO3

j-N concentrations is all that is
needed to evaluate differences in NO3

j anion
exclusion effects for various soils.

It is interesting to note that the peakNO3
j-N

concentrations that occurred at the wetting front
for both the Slaughterville and the Teller soils
were approximately twice the concentration of
the 200-mg/L NO3

j-N solution injected at the
column inlet. These results demonstrate that in
dry soils, anion exclusion not only makes NO3

j

more mobile, but can potentially produce high
concentration NO3

j Bpulses[ that move through
the soil profile. NO3

j-N concentration profile
results for the Slaughterville soil, which was
almost completely devoid of organic matter
(0.14%), indicates that the clay minerals alone
can produce a substantial anion exclusion effect.
The Hoytville soil was marginally wetter than the
very dry Slaughterville or Teller soils (Table 3),

and as a consequence of both anion exclusion and
dispersion (mechanical mixing and predomi-
nantly molecular diffusion) processes, the peak
soil solution NO3

j-N concentration for the
Hoytville soil, after very close inspection of
Figure 4E and F, was found to occur between
the theoretical displacement front and the actual
wetting front. Under these somewhat wetter
conditions, dispersion undoubtedly reduced the
peak soil solution NO3

j-N concentration in
the slightly wet Hoytville soil compared with
the peak soil solution NO3

j-N concentration,
which would have been achieved if the Hoytville
soil was completely dry.

The Paulding soil had a soil solution
NO3

j-N concentration profile that was differ-
ent than any of the three hypothetical NO3

j-N
concentration profiles presented in Figure 3.
Table 4 shows that XC 9 XNEI, clear evidence
that anion exclusion is the most important
electrostatic interaction affecting NO3

j mobi-
lity in the Paulding soil. Furthermore, as
depicted in Figures 4H and 5B, NO3

j-N
concentration values adjacent to the inlet of
the Paulding soil columns were lower than the
200-mg/L NO3

j-N concentration of the orig-
inal injected solution. Consequently, the Pauld-
ing soil NO3

j-N concentration condition at the
inlet conformed to the inlet NO3

j-N concen-
tration condition expected for anion exclusion,
specifically C0/Corig G 0. The C0/Corig for the
Paulding soil equaled 0.87 (Table 4). It is the
position of the peak NO3

j-N concentration,
however, that is somewhat puzzling. The
Paulding had an initial water content equal to
approximately 0.048 (Table 3), and based on
both anion exclusion and this modest initial
moisture content, the peak NO3

j-N concen-
tration was expected, like the Hoytville soil, to
be found somewhere between the theoretical
displacement front and the wetting front. In
actuality, the peak NO3

j-N concentration for
the Paulding soil was found at a Boltzmann
transform value of 0.012 cm/sec0.5, which is
well behind both the theoretical displacement
front located at a Boltzmann transform value
of 0.0169 cm/sec0.5 and the wetting front
located at a Boltzmann transform value of
0.021 cm/sec0.5 (Figs. 4G and H and 5B).

It is unclear as to exactly why the Paulding
soil solution NO3

j-N concentration profile
exhibited this pattern. Dispersion, without ques-
tion, played a major role. An additional factor
might include anion adsorption and anion ex-
clusion processes operating simultaneously, with

Fig. 6. Soil water diffusivity versus volumetric water
content relationships.
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the anion exclusion process being moderately
stronger. This possibility, with regard to the
Paulding soil, of anion adsorption and anion
exclusion processes competing simultaneously, is
plausible based on soil conditions presented in
Tables 1 and 2. The Paulding soil had a fairly
low pH (4.93), providing the prospect that the
lepidocrocite and maybe even the kaolinite
minerals present (20% of the total clay-sized
fraction) could have been positively charged.
The Paulding soil had no smectite, but the
vermiculite that was present (10% of the total
clay-sized fraction), even at a low pH value of
4.93, would still most likely have had a strong
negative charge. Consequently, the Paulding soil
may have had significant amounts of both
positively and negatively charged soil particles
affecting NO3

j mobility.

SUMMARY AND CONCLUSIONS

Growing environmental concerns, such as
NO3

j contamination of aquifers and the Gulf of
Mexico hypoxic zone, suggest the need for a
better understanding of processes affecting
NO3

j mobility in soil. Nitrate mobility within
the soil environment is governed to a significant
extent by electrostatic interactions between
negatively charged NO3

j ions and charged soil
particle surfaces (either mineral or organic).
Anion adsorption occurs when NO3

j ions
become attracted to positively charged exchange
sites on a soil surface. When anion exclusion
processes dominate, NO3

j ions are repelled
from soil particle surfaces and move with the
fastest pore water velocity. Transient unsatu-
rated horizontal column experiments were con-
ducted to assess electrostatic processes affecting
NO3

j transport in soil under initially dry
conditions. Duplicate tests were conducted on
four soils having different physicochemical and
mineralogical properties. The four soils inves-
tigated were a Slaughterville sandy loam and a
Teller loam from Oklahoma along with a
Hoytville silty clay and a Paulding silty clay
from Ohio. The two Oklahoma soils are
representative of the Great Plains region where
NO3

j contamination of shallow ground water
is a major concern, and the two Ohio soils are
typical of those found in the Midwest where
agricultural practices contribute to the Gulf of
Mexico hypoxic zone problem. In each test, a
200-mg/L NO3

j-N solution was applied at the
inlet of the relatively dry soil columns using the
same injection rate function.

Comparison of corresponding volumetric
water content and soil solution NO3

j-N con-
centration profiles from the column tests clearly
indicate anion exclusion to be the most impor-
tant electrostatic process impacting NO3

j

mobility under unsaturated flow conditions.
Evidence of anion exclusion for all four soils
includes soil solution NO3

j-N concentrations
near the column inlet that were 13% to 21% less
than the 200 mg/L NO3

j-N solution concen-
tration originally injected into the column.
Further strong anion exclusion evidence includes
peak soil solution NO3

j-N concentrations that
were greater than 200 mg/L (sometimes by a
factor of 2) found at or very near the wetting
front for the Slaughterville, Teller, and Hoyt-
ville soils. Consequently, anion exclusion pro-
cesses can produce high concentration NO3

j

Bpulses[ that move through dry soils. The
Paulding soil, possibly due to a combination of
dispersion processes, low pH, and the mixture of
clay minerals present, behaved somewhat differ-
ently than the other soils by having a peak soil
solutionNO3

j-N concentration above 200 mg/L
located approximately halfway between the col-
umn inlet and wetting front. Overall research
results indicate that anion exclusion is a key
process affecting NO3

j mobility in soils common
to the northern temperate zone.
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